T his article presents recent European-based contributions for wireless power transmission (WPT), related to applications ranging from future Internet of Things (IoT) and fifth-generation (5G) systems to highpower electric vehicle charging. The contributors are all members of a European consortium on WPT, COST Action IC1301 (Table 1) . WPT is the driving technology that will enable the next stage in the current consumer electronics revolution, including batteryless sensors, passive RF identification (RFID), passive wireless sensors, the IoT, and machine-to-machine solutions.
These new devices can be powered by harvesting energy from the surroundings, including electromagnetic energy, or by designing specially tailored beamed wireless energy to power them. In this respect, we can further separate the WPT beam in the near field and the far field, where near field implies normally inductive or capacitive coupling and far field implies RF transmission. In Europe, a group of universities, research institutes, and companies have joined efforts to achieve advances in this area. This consortium, Wireless Power Transmission for Sustainable Electronics (or "WiPE") and also known as COST Action IC1301, is a European Union framework for breakthrough science and technology.
Here, we summarize the most recent developments in research by some of the members of this group. The article is divided into three major technology discussions: far-field (WPT) developments, near-field developments, and WPT applications. Within the farfield approaches, we discuss such issues as waveform analysis and modeling of RF-dc converters, propagation modeling, and antennas specifically tailored for WPT schemes. For near-field approaches, we consider topics such as the optimized design of WPT inductive links and the modeling of these schemes, use of COST Action IC1301 Team map-©istockphoto.com/notviper, tree-©istockphoto.com/erhUi1979 electrical resonance for transferring power across non-negligible distances, and underwater WPT. Finally, we discuss several applications, including integration of WPT in buildings, the use of such systems in wireless sensor networks (WSNs), embedding WPT schemes in car textiles, and using RFID schemes for improved efficiency.
Far-Field Deployments

Waveform Design for Maximizing RF-dc Conversion Efficiency
The power transfer efficiency of WPT systems is one of the most important parameters for the practical application of the technology. The total efficiency of a WPT system can be defined as
where T h is the transmitter's dc-RF conversion efficiency, L h is the wireless link efficiency, and R h is the receiver's RF-dc conversion efficiency. The various contributions to overall efficiency can be looked at in more detail by considering the individual efficiencies corresponding to specific system blocks, such as separating receiver efficiency into receive antenna efficiency, rectifier efficiency, and dc-dc converter circuitry efficiency contributions [1] . In an attempt to maximize the obtained efficiency, recent literature has investigated the effect of the transmitted signal waveforms on the RF-dc conversion efficiency of rectifier circuits [2] , [3] (Figure 1) . Initial results have shown that signals with peak-toaverage power ratio (PAPR) greater than 3 dB, which corresponds to the PAPR of a pure sine wave, may lead to a higher RF-dc conversion efficiency compared to continuous wave (CW) signals. The effect of different signals with a time-varying envelope, such as chaotic waveforms [4] and various digitally modulated signals and white noise [5] - [8] , on RF-dc conversion efficiency has been investigated. The results show that it is possible to obtain better RF-dc conversion efficiency compared to CW signals using signals with a high PAPR. This can occur under certain average input-signal power levels as well as under certain output-load conditions [9] .
Additionally, the complementary cumulative distribution function of a signal reveals detailed information about the number and frequency of signal peak occurrences relative to its average value, and signals with the same PAPR can lead to a different RF-dc conversion efficiency [9] . Depending on the application requirements that define a target input average power and output load, one may synthesize a signal waveform that maximizes the RF-dc conversion efficiency, such as the so-called multisine signals [10] . These signals are composed of a sum of sine waves equally spaced in frequency by ∆f and, usually, . f f ∆ c % It can be shown that, if all the subcarriers are added in phase, the resultant time-domain signal exhibits a high PAPR value that depends on the number of subcarriers and their spectral weight distribution.
Another important consideration is that the envelope is a periodic signal, with its period being inversely proportional to the frequency spacing . f ∆ h A small value for this ∆f is desired to increase the number of subcarriers in a limited bandwidth; however, a small ∆f leads to a very long envelope period, decreasing the frequency at which the output filtering capacitor is refreshed. Thus, multisine signals should be carefully designed and must take into account receiver characteristics such as the low-pass filter time constant.
To increase the output filtering capacitor's refresh rate, the work reported in [13] - [15] proposes a new type of multisine signal. Using subcarriers that are harmonically related ∆f f0 = h, the envelope's peak frequency will be as high as the first subcarrier frequency, reducing the constraints on the output low-pass filter's time constant. Moreover, if the subcarriers are equally weighted and in phase, the time-domain waveform is asymmetric, with high positive peaks and low negative peaks. This asymmetric characteristic will boost the efficiency not only in low-power environments due to its high PAPR (such as conventional multisines) but also in high power, when the diode is operating near its breakdown (asymmetry reduces the peak-to-peak swing). Because of the harmonic relation between carriers, several intermodulation products generated by the rectifying process will contribute to a dc increase.
Another type of high PAPR waveform suitable for WPT is proposed in [14] . Following radar fundamentals, a linear frequency-modulated signal known as a chirp signal is considered. If an up-chirp is correlated with a down-chirp (a pulse-compression technique), a pulse will be created, and its high PAPR and occurrence can be controlled with the basic chirp bandwidth and frequency sweep time. The occurrence of the pulse should be carefully controlled to avoid a large ripple in the output, which in turn reduces the output dc voltage. Due to its very high PAPR, this kind of signal will drive the rectifying element into its breakdown zone for lower input power when compared with other excitations.
Finally, we should emphasize that the absolute value of the RF-dc conversion efficiency strongly depends on the nonlinear device and circuit architecture characteristics of the rectifier, and it is possible to improve the obtained efficiency by combining
These new devices can be powered by harvesting energy from the surroundings, including electromagnetic energy, or by designing specially tailored beamed wireless energy to power them. WPT with other energy harvesting technologies such as mechanical [11] or thermal [12] .
Modeling Aspects of RF-dc Conversion
After realizing the advantage of multisine excitation for WPT, it becomes necessary to understand the impact of various design parameters such as bandwidth or the number of tones. In [16] , the multisine signal is represented as an amplitude-modulated signal (2) with bandwidth B (3):
.
Here, fc is the carrier frequency, Am is the envelope of the signal, Nt represents the number of tones, and f T their frequency spacing.
Given this signal representation, the analytical RF power-conversion efficiency (PCE)
is calculated by relating the bandwidth and envelope amplitudes to the output dc voltage VDC for different signals by applying
Pdf Am h is the probability distribution function of the envelope amplitude as triggered by the multisines. , VDC as described in (4) , is the average function of instantaneous output voltage Vout depending on different , Am reflecting the input-power-dependent performance of rectifiers.
The input signal to the rectifier x t i^h is the multisine signal , x t h where parts of the signal are reflected due to circuit mismatches that depend on the B of the input signal . x t h As a result, B and circuit mismatches also change . Pdf Am h By studying the reflection coefficient S11 of the given rectifier, we can select the optimal bandwidth of the signal. For the circuit used in this analysis, the optimal B is 2 MHz, as shown in Figure 2 . Knowing that the number of tones Nt influences both the B and amplitude shape Pdf A , m î h of , x t in^h the optimal Nt can be determined using the mathematical model described earlier.
The analytical results are confirmed by measurements. The measurement configuration is shown in Figure 3 . Depending on the rectifier used in this experiment, the PCE of the multisine-based WPT system can be improved 25.1% compared to a CW excitation WPT for −5-dBm input power, as shown in Figure 4 .
Link Modeling and Integrated Antenna Design Strategies for Ultrawide-Band WPT
The IoT vision requires the deployment of vast amounts of wireless nodes that are invisibly integrated into their environment. Important challenges when designing such nodes include ensuring sufficient autonomy to guarantee reliable wireless communication over sustained periods of time, while avoiding interference with other devices. For compactness and eco-friendliness, the use of large batteries should be avoided, and small energy buffers such as super-capacitors should be preferred. Therefore, the device should be able to continuously harvest energy from multiple sources available in its environment. Intentional WPT may supplement the powering process, or it may act as the only power supply in cases where all energy sources are scarce.
Interference issues and health risks associated with the transmission of RF power beams may be avoided by lowering the power spectral density. This is achieved by spreading out the radiated power over a large frequency band. Such a technique is already applied The power transfer efficiency of WPT systems is one of the most important parameters for the practical application of the technology.
in ultrawide-band (UWB) communication, which is allowed by the U.S. Federal Communications Commission in the 3.1-10.3-GHz frequency band, provided that the power spectral density remains smaller than −41.3 dBm/MHz [17] . Similarly, the European Commission (EC) has issued an EC decision allowing UWB devices to use the 3.4-4.8-and 6.0-8.5-GHz bands with the same maximum power spectral density, provided that signals in the lower frequency band meet a low duty-cycle restriction [18] . An important challenge for implementing such UWB WPT in an IoT setting is that wireless nodes will operate in a diverse range of deployment scenarios. In most of them, many objects will be present in close proximity to the receive antenna, causing potential antenna detuning and reduction in radiation efficiency. Moreover, the WPT wireless channel will differ significantly from free space, as important shadowing and multipath fading effects may occur. Therefore, we have developed robust high-performance UWB antennas and a dedicated block model that describes all antenna and multipath propagation characteristics that play a role in the complete wireless power link. Both components enable the development and optimization of stable UWB WPT links, operating in all kinds of adverse deployment conditions. They enable optimal exploitation of the large bandwidth through the design of suitable waveforms, and they maximize WPT while still respecting safety and health regulations.
Designing UWB antennas for the IoT paradigm is highly complex. Deployment conditions require antennas featuring a high antenna/environment isolation for stable radiation. A low-profile, compact, and adaptable geometry that also conforms to the environment is needed for invisible integration. Such antenna topologies typically exhibit narrow-band radiation characteristics. Recently, the implementation of substrate integrated waveguide (SIW) technology in novel antenna materials such as textile fabrics [19] , paper, and cork [20] has resulted in novel designs that reconcile all these requirements. By confining the electromagnetic fields by rows of vias, components operate in isolation from their environment, yielding a performance almost as stable as in waveguide components [21] . For cavity-backed SIW slot antennas, such as the antenna array shown in Figure 5 , only the slot radiates, thus enabling the deployment of active circuitry directly underneath and energy harvesters on top of the cavity [22] . The complete antenna area may be reused, apart from the radiating slot. UWB operation is implemented by exciting multiple cavity modes at carefully selected frequencies within the operational bandwidth. Moreover, the antenna may be miniaturized by exploiting half-mode and quartermode principles.
Besides using a suitably designed antenna, the optimization of the WPT channel requires that the wireless channel characteristics and the deployment characteristics of the antennas be fully taken into account. Indeed, multipath propagation will affect the power transfer, causing fading and shadowing effects as experienced in conventional communication channels. Furthermore, because they are in the reactive near field, objects in direct proximity to the transmit and/ or receive antennas will modify the channel's power transfer characteristics. Therefore, they should also be included in a global WPT model applied to optimize the power transfer.
As a computer-aided-engineering tool for UWB WPT system designers, we have developed a modeling framework [23] for WPT over UWB links in multipath propagation environments. Although the concatenated black-box model is specifically implemented for WPT Multisine signals should be carefully designed and must take into account receiver characteristics such as the low-pass filter time constant.
in the vicinity of the human body, the framework may also be successfully applied to other typical IoT configurations. The modularity of the model makes it easy to replace the measured or simulated black-box descriptions of the antennas and the channel by those that are pertinent to the setup at hand. Proximity effects caused by objects in the reactive near field of the antenna may easily be accounted for by incorporating the embedded active-element antenna pattern and the detuned antenna impedance in the black-box description of the antenna under study. For the application of this model to body-centric WPT, we refer to [24] . By relying on a fast-multipole-based expansion of the channel [24] , the Friis-based path-loss black box may be extended such that the channel model also applies to the radiative near field.
Efficient Miniature Rectennas with Integrated Power Management for Battery Replacement
Using a small rectenna and thus a small receiving antenna will result in a small dc output voltage. Therefore, an integrated circuit (IC) is needed for boosting this voltage up to the desired voltage. The circuit needs to be powered by the low-voltage, lowpower dc signal available. For our prototype, we chose the Texas Instruments TI BQ25570 ultralow-power harvester power-management IC [25] . The converter can cold-start from 0.33 V dc and after this cold start can continue on 0.10 V dc. The output dc voltage can be chosen to be between 1.3 and 4.0 V, using the internal buck converter. The circuit has been tested by connecting a voltage-doubling rectifier [26] to a signal generator, using a lumped-element LC impedance-matching network in between the two. The output of the power-management IC is dynamically loaded using an array of load resistors. These load resistors are connected to switch-operating field-effect transistors. The switches are (time) controlled using an Arduino megaboard [27] with an AT mega2560 Atmel microcontroller. The test system is shown in Figure 6 .
In Figure 6 , r h is the RF-dc PCE of the rectifier circuit with the matching network, h h is the overall efficiency, and b1 h is the RF-dc PCE of the rectifier with the matching circuit combined with the boost converter, as described in [28] . The boost converter PCE b h and buck converter PCE b2 h can be found from the earlier defined PCEs [28] .
For a constant on-time ton and a constant load resistance, the maximum values of , The IoT vision requires the deployment of vast amounts of wireless nodes that are invisibly integrated into their environment.
the results shown in Figure 8 , the average obtained dc power has been calculated as a function of distance for two receive antennas (1-and 6.1-dBi gain). The results are shown in Figure 9 .
From Figure 7 and Figure 9 , we can conclude that with a 6.1-dBi receive antenna we can get W 30 n of continuous dc power up to a 10-m distance or 60 mW for 40 ms every 2 min up to the same distance.
For a protot y pe, a 2-dBi miniaturized 915-MHz antenna [29] , complex-conjugately matched to the rectifier, has been combined with the TI BQ22570 IC, resulting in a 10-cm × 6-cm wireless battery, as shown in Figure 10 .
Compact Microwave Rectenna for Satellite Health Monitoring
To provide reliable high-bit-rate broadcasting links, highgain microwave antennas are used on broadcasting satellites. These antennas are located on panels positioned on the external surfaces of the satellite and are subject to spillover losses. In some areas of the antenna panels, the electric field generated by the spillover losses of microwave antennas may reach the following maximum levels (effective values) [30] : 40 V/m in C-band, 49.5 V/m in X-band, 106 V/m in Ku-band, and 127 V/m in K-band. These electric field levels are unusual for terrestrial applications, but they can occur on satellites when data links are functional. These (residual) electromagnetic fields can be harvested to power-autonomous wireless sensors for structural health monitoring of the satellite. The radiated power of microwave antennas is almost constant; consequently, the dc power regulatory circuits should be minimal for such harvesting systems.
To demonstrate the proof of concept and feasibility of such harvesters, several rectennas were developed by the research group at CNRS-LAAS Toulouse [31] in the framework of research grants funded by CNES (the French space agency). The goal was to Figure 6 . T is the period. During , ton a dc power P out is drawn. During , toff no power is drawn. develop compact, high-efficiency rectennas providing dc power in the milliwatt range. Based on innovative antenna topologies, the cross-dipole antenna (CDA) and CDA array (CDAA), we recently proposed compact coplanar stripline-supported rectennas. Figure 11 shows the CDA rectenna topology, while the CDAA rectenna is depicted in Figure 12 .
CDA rectennas use only the top side of the PCB. In the case of a CDAA, the antenna and the diode are located on the top side of the PCB, while the shorting RF capacitor and the load are located on the bottom side. The conjugate matching condition (between antenna and rectifier) is achieved without the use of a dedicated matching circuit but by properly controlling the input impedance of the antenna (CDA or CDAA) and the input impedance of the rectifier. A reflector plane, positioned below the rectennas at an approximately quarter-wavelength distance, is used to increase the antenna gain and thus improve the overall performance of the CDA and CDAA rectennas.
The efficiency h (in %) of the rectenna can be computed using the following [32] :
where PDC is the harvested dc power, S is the incident electromagnetic power density, AG denotes the area of the radiating surface, Aeff is the antenna effective area, GR is the gain of the antenna, and m is the wavelength of the illuminating electromagnetic wave. We note that CDA and CDAA rectenna topologies can be easily adapted for other operating frequencies. The experimental results obtained with these rectennas demonstrate that implementing autonomous wireless sensors can be a feasible solution for the structural health monitoring of satellite antenna panels.
Design and Optimization of Phased Arrays for Long-Range WPT
The design of phased-array antennas is key to guaranteeing high-efficiency, reliable, and cost-effective long-range WPT system deployments [34] . Unlike communications and radar applications, the goal of a WPT system is to maximize end-to-end power transfer efficiency. Therefore, unconventional constraints need to be taken into account and, consequently, unconventional design methodologies explored [34a] . For long-range WPT systems, the transmitting array must focus power within a narrow, angular sector toward the receiving station or stations, while the receiving (i.e., rectenna) array must be able to convert the largest amount of RF impinging power. In this framework, several research projects have been carried out over the last few years, spurred by the diffusion of electrical autonomous systems (e.g., drones, cars, and high-altitude platforms) and growing interest in the very challenging and fascinating application of space-based solar power (SBSP), which is aimed at guaranteeing a continuous feeding of the Earth with renewable and clean energy [35] . Novel methodologies for the design of arrays for long-range WPT and the optimization of their degrees of freedom (DoFs) have been introduced aimed at • defining the best array configurations (e.g., positions and excitation weights of the array elements) to maximize 1) the beam collection efficiency (BCE), i.e., the ratio of the power transmitted toward the receiving/target area and the total radiated power, in the case of transmitting arrays or 2) the efficiency of the microwave power collection in the case of rectenna arrays • synthesizing simplified array architectures to re duce antenna complexity and cost as well as to make the hardware/software im plementation easier. As for the optimal design of transmitting planar phased arrays, a strategy for synthesizing the optimal tapering of the amplitude weights that guarantees maximum BCE performance in cases of arbitrary transmitting planar ap ertures and target areas has been proposed in [36] . The approach, based on the solution of a generalized eigenvalue problem by means of a deterministic method, has allowed study of the theoretical limits of the power transmission efficiency of WPT planar phased arrays. Useful guidelines on the design of the transmitting array configuration have been reported to achieve high values of BCE (close to 100%), whatever the shape of the transmitter and/or receiving area. As a representative example, Figure 13 (a) shows the power pattern generated by a planar array consisting of 20 × 20 elements, the excitation amplitudes of which [ Figure 13 (b)] have been synthesized by means of the method described in [36] to achieve a BCE performance of 99.96%.
Work regarding receiving antennas for long-range WPT has focused on studying and defining innovative rectenna arrays for SBSP systems to be used in the ground station. Starting from the key observation that the dc currents at the output of the rectifying circuitry used for each individual element or cluster of elements have no phase term (and, consequently, their coherent sum is not needed), the position of the elements has been properly optimized to avoid superpositions and shadowing effects that would reduce end-to-end WPT efficiency [37] . Moreover, because a portion of the microwave power arriving on the rectenna array is unavoidably backscattered, the DoFs of the element positions have been defined such that the reradiated field is focused toward a mirror that can redirect the power toward the rectenna array [37] .
Innovative array architectures to reduce the complexity and weight of the transmitting arrays have been studied, as well. Two strategies, in particular, have been investigated: 1) clustering the elements into subarrays to reduce the number of amplifiers and phase shifters/delay units and 2) using irregular (e.g., sparse) array layouts to minimize the number of radiating elements [38] . Optimization of the arrays' DoFs has been carried out by means of ad hoc design methodologies. As for clustered arrays, an excitation matching approach based on the contiguous partition method (CPM) [39] has been exploited to define the clustering configuration and the subarray excitations so as to obtain a pattern as close as possible to the one having optimal BCE [36] . The availability of the optimal excitations has enabled, through the CPM, the effective synthesis of very large phased arrays, not feasible when using conventional design methods.
The design of sparse planar arrays matching a de sired reference pattern has been addressed by means of an innovative synthesis method based on Bayesian compressive sensing (BCS) [40] . The key advantage of the BCS methodology is that it allows light-transmitting arrays with a minimum number of elements. Preliminary results have shown that BCS-designed array configurations with a 35% reduction in the total number of elements guarantee a BCE-optimal power pattern by considering the same antenna aperture. Further studies in this area of research will consider the design of arrays with more complex geometries (e.g., conformal) as well as the use of simpler feeding networks characterized, for example, by isophoric (i.e., uniform) amplitude weights.
Far-Field Channel Modeling for WPT Systems
Well-designed, efficient WPT systems often fail in the application field due to undesired effects caused by the propagation channel. The power limitations of WPT systems, imposed by the turn-on voltage of the front-end diodes, require careful field installations and good prediction of the channel so that most of the available RF power will be harvested. Far-field WPT systems are found at frequencies starting from 100 MHz up to several gigahertz, with the most common application field, being passive UHF RFID technology around 900 MHz.
As a computer-aided-engineering tool for UWB WPT system designers, we have developed a modeling framework [23] for WPT over UWB links in multipath propagation environments.
The necessary minimum input power (~ −20 dBm) for the operation of batteryless devices imposes specific limitations in the associated propagation channel. Unobstructed line-of-sight conditions between the transmitter and the passive device must exist. The transmitted electromagnetic signal reaches the receiver from other paths after interacting with the environment (scattering, reflections, diffractions, etc.) and interacts with the strong line-of-sight contribution constructively or destructively depending on the phase of each multipath component. This process creates fading, which varies in time depending on the variability of the propagation environment. Careful modeling of the environment and the transmit-receive system is necessary, including the radiation patterns and polarizations of the antennas, the geometrical and electromagnetic characteristics of the surrounding environment, and so forth. Simplified path-loss models, not accounting for fading, should be avoided. Suitable candidates for WPT channel modeling are analytical ray-tracing models, computational electromagnetic models, and probabilistic models.
In [41] , [42] , an analytical ray-tracing model is developed to analyze the fading patterns in typical indoor WPT application areas. Methods to improve the performance of passive UHF RFID systems are proposed. For instance, it is shown that by deploying two transmit antennas illuminating the same region and connecting a 180° phase shifter in one of them, one can eliminate "holes" (destructive interference patterns) inside the area of interest by changing the phase of one of the antennas in a sequential manner, boosting the performance of the WPT systems. Furthermore, multiantenna configurations are analyzed that could be used when minima of the field are desired in specific locations, e.g., above the bed of a patient. Ray-tracing propagation modeling delivers accurate predictions, provided that the actual environment is exactly as modeled. However, this is not possible for the majority of applications, where walls and furniture are incorrectly modeled (geometrically or/and electromagnetically). Furthermore, such models output a static screen shot of the field with maxima and minima at fixed locations, implying that the field pattern will remain unchanged, and do not accommodate the reality of the fast-changing environment. Finally, even though they are much faster than computational electromagnetic models (CEMs), ray-tracing methods are still very slow to handle problems of automated planning (deployment) of WPT networks. Clearly, CEMs suffer from all the aforementioned disadvantages, plus they require vast amounts of memory and time. Nevertheless, CEMs provide the most accurate estimations for problems with known geometry in well-defined spaces, e.g., the field of a shelf antenna inside a library [43] .
To overcome, these limitations a fast, site-specific probabilistic model was developed exploiting the particularities of WPTs, due to the power constraints of the system, while carefully considering all significant propagation factors that affect the accuracy of the estimations [44] . The probability that the power is above a specified threshold is derived for any antenna and any polarization axis. The model overcomes the limitation of delivering an unrealistic stationary output field. In fact, it cannot predict the location of a minimum or a maximum; however, it can evaluate the probability that such an event might happen.
The model exploits the existence of a strong power component in WPT systems and models the reception level by a Rician probability density function:
where 2 o is the power of the line-of-sight strong component and 2 2 v is the mean power of the other contributions. Therefore, by calculating these two parameters at each location inside the area of interest, one can estimate the probability that the reception magnitude x is greater than a given threshold y (see, e.g., Figure 14) .
Further, in [44] all multiply-reflected rays initially bouncing on the same obstacles are clustered in a single "super-ray." Then, the contribution of this superray is approximated by a closed-form equation; the key to derive the equation is to treat the phases of each ray within the cluster as random variables, identically and uniformly distributed over . 0 2r -6 @ The success of the model is that the output probability carefully considers the radiation patterns, the polarization of the involved antennas, and the geometry and electromagnetic properties of the surrounding environment, similar to an analytical ray-tracing model. The key assumptions of the model are validated against ray tracing and measurements in [45] . The probabilistic model is compared to a finite-difference time-domain (FDTD) model in [46] along with additional measurements. A realistic model of the environment was inserted in the CEM model (Figure 15 ), including all furniture, and measurements were conducted in the same area. Both models demonstrated similar performance in terms of accuracy; in fact, the probabilistic model was slightly better (1.7% root-mean-square error versus 3.6% of the CEM model), as shown in Figure 16 . The simulationtime was 135 h for the CEM model in an advanced workstation and less than a minute for the probabilistic model running on a laptop. Finally, the Figure 14 . The characteristic result of the probabilistic model in [44] . (a) The probability of reception x polarization and (b) the Rician distribution K ratio (dB) for xpolarized tags.
z y x Figure 15 . A detailed model of the measurements' area in [45] .
proposed model is exploited in a deployment problem in a large area and is combined with a particle swarm optimization method to deliver a deployment solution satisfying specific constraints [47] .
Near-Field Deployments
Simultaneous WPT and Near-Field Communication
Theoretical and Numerical Contributions
To realize mid-range magnetic resonant WPT (MRWPT) systems, the efficiency of the system has been optimized by numerical electromagnetic modeling [48] - [50] . In [48] , a MRWPT system consisting of electrically and magnetically coupled spiral resonators and loop inductances was presented. In [48] and [49] , the experiment reported in [50] was reproduced using a full-wave simulation. An approach considering the WPT link as a two-port network has been used. A theoretical investigation was performed [49] to find, for a given WPT link, the load values that maximize either efficiency or the power on the load. In [51] , a unified approach was proposed for energy harvesting and WPT. In [52] , we presented the rigorous network modeling of several concepts for realizing efficient MRWPT. We implemented the ideally required 1:n transformer using immittance inverters. We derived series and parallel matching topologies for maximum WPT [53] .
Inductive Power Transfer for Electric Vehicles
The possibility of using inductive power transfer for electric vehicles has been considered in [54] - [57] . This moving-field inductive-power transfer (MFIPT) system for supplying power to electric vehicles while driving uses primary coils arranged below the pavement along the route for transmitting the energy via an alternating magnetic field to a secondary coil located on the vehicle below its floor (see Figure 17) . To minimize losses, only the primary coils located below the secondary coil of a vehicle are excited. The operating principle of this MFIPT system is based on a resonantly operated switched dc -dc converter, converting the dc power supplied by the stationary power line to dc power delivered to the moving electric vehicle. Contactless power supply of electric vehicles on highways allows low battery capacities because the batteries are required only in local traffic and on side roads where no MFIPT system would be installed.
Inductive Power Transfer for Implantable Medical Devices
The use of a wireless resonant-energy link to energize modern implantable medical device has been suggested in [58] - [61] . More specifically, [59] presents a WPT link for powering pacemakers. The proposed system consists of two inductively coupled planar resonators and has been optimized for operation in the Medical Device Radiocommunications Service core band centered at 403 MHz. The implantable receiver is a compact, square split-ring resonator [see in Figure 18 (a)], while the transmitter is a spiral loop loaded by a lumped capacitor [see the inset of Figure 18(b) ]. The performance of the WPT link was experimentally investigated by using the setup illustrated in Figure 18 (b); minced pork was used to simulate the presence of human tissues. The measured two-port scattering parameters are illustrated in Figure 18 (c); from experimental tests, a power transfer efficiency of 5.24% is demonstrated at a distance of 10 mm.
Frequency-Agile Systems for Near-Field Deployments
Near-field WPT can be operated either at a fixed frequency, as considered in [49] (and, in this case, the optimal load value is dependent on the coupling), or with an agile frequency. In fact, when the coupling is changed, by appropriately changing the operating frequency, we can obtain higher power values on the load. The latter operating principle has been considered in [62] and [63] , where a Royer oscillator was used.
Secondary Coil
Primary Coils Figure 17 . The coil arrangement in the MFIPT system from [57] . . The name of this new alliance will be published later this year. The current state of the art for consumer electronics is oriented toward low power transfer (i.e., up to 15 W) and a well-defined alignment of the receiving structure with regard to the transmitting coil for a certain amount of time in inductive coupled systems. Due to the basic principle of wireless inductive power transfer, it is possible to realize configurations with on-the-fly energizing of moving receivers and situations with random separations and orientations between the receiver and transmitter. However, these require further research toward an optimal design. As a representative example for moving receivers, the research group DraMCo of KU Leuven, Belgium, has investigated the inductive charging of a wireless mouse [67] of type M705 from Logitech [68], which is normally powered by two AA batteries. The available amount of space for the receiver circuitry, receiver coil, and super-capacitors was created by removing the two AA batteries. Careful design led to a solution that functions autonomously for more than 15 min, while the full charging takes only 10 s. The required time to activate the transmitter to the high-power mode is only 50 ms. Strategic placement of the transmitting structure led to an autonomous system in which regular replacement of batteries is longer no needed.
Another example is the realization of a throughdisplay wireless charging solution for a medical wristband [69] . This device was developed for use by medical staff in maternity hospitals. It performs measurements of the body temperature, bilirubin levels, and oxygen saturation of newborn babies in only 1.25 s by means of self-designed measurement techniques. Ease of use was a key factor in the design, resulting in a device without controls. It relies on a super-capacitor energy buffer that can be charged wirelessly in fewer than 5 s by touching a transmitting unit. Through-display powering was realized by placing the receiver coil behind the display. In addition, an energy study was carried out, revealing that a full buffer provides enough energy for 38 parameter measurements or more than three days of standby time. After each measurement, the device automatically transmits the data wirelessly to a computer. The miniaturized device consists of seven PCBs and contains solely Texas Instruments ICs (17 pieces). It is equipped with a Qi receiver, a super-capacitor charger, three power supplies, and a state-of-the-art ferroelectric random access memory microcontroller that controls the sensors, the display, the wireless transmitter, and even its own power supplies. This solution of KU Leuven was the winner of the Texas Instruments Analog Design Contest Europe 2014, among 299 submitted projects. Figure 19 shows the developed device.
Other current research projects include IoT WPT for animals, specifically to provide the energy for WSNs to monitor the health of dairy cows. KU Leuven and Ghent University recently initiated a project to construct a WSN providing real-time information on the health status of each individual cow as a member of a large stock, both indoors and outdoors. Available solutions 
450 500 Figure 18 . The WPT link for implantable pacemakers proposed in [59] . for this kind of configuration consists of onboard battery-powered hardware [70] ; regular replacement of the battery hinders the widespread application of this wireless solution. The goal of the project is to make use of specific and regular time slots (e.g., the animal's drinking) to wirelessly charge a super-capacitor integrated in a small, collar-attached box-thus leading to a maintenance-free technology. The energy stored on the super-capacitors can then be used for longer-haul wireless communications and powering the animal's wireless body-sensor network. Aspects such as the distance between the drinking troughs, the time the animal typically needs to drink, and the energy consumption during autonomous operation determine the design space for this inductive wireless power solution. This work is supported by the iMinds-MoniCow project (cofunded by iMinds, a research institute founded by the Flemish Government in 2004) and the involved companies and institutions.
Implantable, Inductively Powered UHF RFID Tag
This section provides a short overview of the development of a system design for a humanbody implant with a UHF RFID tag powered by IWPT. More details about the design can be found in [71a] . A classic RFID tag is usually passive, and its operation is enabled by power received from an RFID reader during communication [71] . However, in the case of the implantable tag, the power emitted by the reader at 866 MHz in the UHF frequency band is dissipated in the human body tissue. Increasing thickness of the tissue between the reader and the tag leads to a decrease in the tag's sensitivity for communication due to an insufficient level of power for tag operation. The problem can be overcome with the help of a tag using a semiactive chip. Powering this kind of chip can be assured not only by the reader but also by an additional source. In this case, the additional source delivering power by IWPT [72] at 6.78 MHz in the industrial, scientific, and medical (ISM) frequency band is considered. The structure of the reader side is designed to be placed on the surface of the human body. The structure of the tag side is compact and suitable for implantation into the human body. The communication sensitivity of the tag is increased by 21 dB with the help of IWPT.
WPT Underwater
Today, deploying sensors in underwater environments is standard practice in several fields of activity, such as environmental monitoring aimed at collecting data on water or seabed parameters as well as to inspect permanent subsea infrastructures. These sensors may be located in fixed or mobile structures. Sensors deployed on permanent subsea structures or on the seabed generally lack cabled connections and therefore rely on batteries. Approaching these sensors with autonomous underwater vehicles (AUVs) to replenish their batteries and recover measurement data is very appealing. However, presently the most common solution involves the operation of remotely operated vehicles (ROVs), which is very expensive because a support vessel is required; therefore, this can be considered only for small-scale operations. On the other hand, sensors may be carried by mobile underwater vehicles such as ROVs or AUVs for underwater sensing in specific missions. In fact, the deployment of AUVs is an emerging practice, potentially suitable for largescale autonomous operation [72] , [80] . Figure 22 shows the MARES AUV, a highly flexible, small-scale AUV, developed at the Institute for Systems and Computer Engineering, Technology, and Science (INESC TEC), that can operate at a maximum depth of 100 m and be configured to carry specific prototypes and logging systems for experimental evaluation [73] . The use of AUVs is limited by the duration of their energy-source charge. Therefore, there is a need for an energy solution that can support the operation of a number of AUVs within underwater environments for long periods of time. Currently available AUV recharging solutions are very complex, typically requiring so-called wet-mate connectors [74] , which are prone to failure and require frequent maintenance and/or overly complex docking mechanisms. As such, these solutions are not appropriate for scaling up due to the high costs; therefore, their use has been limited. Research on techniques for underwater WPT has been growing over the past few years, targeting not only the battery charging of AUVs but also wireless powering of under water sensors.
Witricity released a white paper in 2013 [75] demonstrating the possibility of using resonant magnetic coupling through salt water. The authors transferred power across a plastic container filled with water and used a halogen lamp as a load. They concluded that a significant power level (up to several kilowatts) may be transferred across a gap of 15 cm with wireless transfer efficiency in the order of 80%. Inductive coupling is currently the alternative to wet-mate connectors most often seen in the literature.
For instance, the authors of [76] describe an underwater WPT system based on inductive coupling. The efficiency and power transfer capability reported are very good, 90% and 400 W, respectively. However, the operating distance is extremely small, 2 mm. This means that there is no margin for error in terms of alignment in the AUV charging scenario. This is also the reason that in these cases some kind of mechanical stabilization is usually required. For instance, in [77] the charging station is outfitted with cones. In [78] , an underwater WPT system is reported with wireless transfer efficiency of 60% across a gap of 10 cm using an antenna 25 cm × 25 cm in size. The authors state that the energy flow in seawater is guided by eddy currents caused by the magnetic field (although the power level is not mentioned). A novel WPT technique that considers the coupling through the electric field rather than from the magnetic field is resonant electrical coupling (REC), which was independently proposed by [79] and [80] in 2014. However, deployment of REC for underwater WPT has not yet been reported. The following discusses the results from an underwater WPT system evaluation using three-dimensional (3-D) electromagnetic simulation. As shown in Figure 23 , we consider two different architectures: a coil-based and a spiral-based copper inductor setup, both having a maximum diameter of 16 cm and 3 mm of copper thickness. In both cases, a parallel capacitor was included to achieve antiresonance at around 100 kHz, where the system operates optimally using 50-Ω impedance at both the transmitter and load sides.
Seawater was considered as the transfer medium (permittivity of 81 and conductivity of 4 S/m), while the transmitter and receiver where kept in a box filled with distilled water to avoid resonance losses. A third configuration based on parallel plates was evaluated to assess the viability of the REC principle for underwater WPT. However, the conductivity of the transfer medium was observed to dramatically reduce the efficiency of the method, rendering it useless even at very short ranges.
The simulated efficiency as a function of the seawater gap is presented in Figure 24 . As can be seen, the efficiency remains approximately constant in the overcoupled region, up to 8 cm and 13 cm, for the coil-based and spiral-based inductors, respectively. Efficiency falls rapidly after that point, corresponding to the undercoupled region. Depending on the requirements of the problem at hand, any of the solutions may be attractive. Underwater WPT using magnetic resonance appears to be a promising solution to transfer power to underwater equipment.
REC in WPT
The wireless transfer of power based on electrical resonance mentioned in the previous section is based on the circuit model shown in Figure 25 . In this circuit, power is wirelessly transferred from the source (on the left) to the load (on the right) through the capacitances C3 and C4. The resonances at the transmitter and the receiver are defined by L1 and C1 and by L2 and C2, respectively. As shown in [81] , a very reasonable efficiency can be achieved with very low values of C3 and C4, as long as the losses, represented by R1 and R2, are kept low. This is similar to resonant magnetic coupling in the sense that very reasonable efficiencies can be achieved with very low magnetic coupling coefficients if the losses are kept low. Low values of C3 and C4 and low magnetic coupling coefficients are extremely important to the increase of spatial freedom. Spatial freedom is currently one of the most desirable properties in WPT.
An implementation of the circuit in Figure 25 , consisting of two identical devices, is shown in Figure 26 . Each device measures approximately 16 cm × 16 cm × 3.6 cm and is composed of a coil and two conductive plates identical in area. The capacitances C1 and C2 are implemented by the close proximity of the conductive plates in each device. Figure 27 shows the voltage measured at the terminals of a 680-Ω load connected to the output of an RF-dc converter. As shown in Figure 26 , the RF-dc converter is connected to one of the devices, with the other device connected to a signal generator. At this point, experimental peak efficiencies of 61% and 38% can be obtained at distances of 12 cm and 30 cm, respectively.
It is also possible to observe a relatively low variation of peak voltage in the case of a rotational misalignment, in particular when the receiver is perpendicular to the transmitter, as shown in Figure 28 . However, it is important to note that this behavior is most likely caused by the constructive combination of REC and resonant magnetic coupling addressed in [82] , rather than REC alone.
WPT Applications
WPT Integration in Buildings
The physical layer is crucial for the effective integration of the electronics with any hosting object. Mechanical flexibility, high shape customization, recyclability, and low fabrication-process and materials costs are needed to enable the IoT. For these reasons, particular attention has to be given by the scientific community to demonstrating substrate-independent processes that make possible the application of the devices on many materials, especially those not normally used in electronics [85] . Common substrate-independent processes that fit these requirements include inkjet printing [7] , 3-D printing, gravure printing, screen printing, and metal adhesive laminate [86] , [87] .
As a case of study, we consider so-called energy evaporation, a system in which localization capabilities in conjunction with long-and short-range WPT functionalities are combined and embedded into floors [88] . This example is significant because it shows the need for integration between large-area electronic devices and the environment. Figure 29(a) shows the scheme of a distributed matrix of unit cells composed of a 5.8-GHz patch antenna surrounded by a high-frequency coil at 13.56 MHz. The patch is responsible for long-range WPT, while the coil has the dual role of short-distance WPT source and localization through connection with near-field communication tags. In Figure 29(b) , the performance of the unit cell fabricated on top of a cork substrate demonstrates the scheme's feasibility, adopting a material that is unconventional for electronics (but common in indoor environments). The fabrication was performed using a metal adhesive method [87] .
The importance of the result shown in Figure 29 is its demonstration that, if properly designed, RFID tags and RFID sensors could be integrated in tiles and similar construction materials, thus enabling a variety of novel energy-autonomous IoT and WPT applications.
Algorithmic WPT Applications in Wireless Ad Hoc Networks
WPT technologies offer new possibilities for managing the available energy and lead the way toward a new paradigm for wireless ad hoc networking [89] . WPT-enabled networks consist of nodes that may be either stationary or mobile, as well as a few mobile nodes with high energy supplies [90] . The latter, by using WPT technologies, are capable of quickly recharging the network nodes. In this way, the highly constrained resource of energy can be managed very precisely and efficiently. Another important aspect is that energy management can be performed passively from the perspective of nodes and without the computational and communication overhead introduced by complex energy-management algorithms. Finally, energy management can be studied and designed independently of the underlying routing mechanism used for data propagation.
There are considerable challenges in making such wireless-power-enabled ad hoc networks work. First, the control of wireless chargers, whether stationary or mobile, is not trivial. Assuming a finite initial energy, these devices have a limited lifetime, so their available energy supplies should be injected into the network wisely. Second, the WPT process is, in itself, a challenging task. For example, the extent to which a network node should be charged to prolong the global network's lifetime is not obvious. Finally, other issues such as the amount of energy given to the chargers, the trajectory they should follow inside the network, and their behavior with respect to the communication pattern and the energy dissipation inside the network further complicate the design and implementation of a wireless ad hoc network of this kind. An example layout of a proof-of-concept setting for WPT in wireless ad hoc networks is shown in Figure 30 .
The charging process's impact on the network's lifetime is studied in [91] for selected routing protocols. Following a detailed experimental evaluation, a mobile charging protocol that locally adapts the circular trajectory of the mobile charger to the energy dissipation rate of each network subregion is proposed and compared against several other trajectories. The derived findings demonstrate significant performance gains in uniform network deployments.
The authors of [92] propose three alternative protocols for efficient recharging, addressing key issues identified as 1) the extent to which each sensor should be recharged, 2) the best split of the total energy between the charger and the sensors, and 3) the optimal trajectories the mobile charger should follow. One of the protocols performs some limited, distributed sampling of the network status; another reactively adapts to energy shortage alerts judiciously spread across the network. As detailed simulations demonstrate, both protocols significantly outperform known state-of-the-art methods and get quite close to the performance of the global knowledge method, which is also discussed, especially in heterogeneous network deployments.
The idea of deploying multiple mobile chargers in a network is investigated in [93] . Here, four new protocols for efficient recharging are proposed, addressing optimal coordination procedures and good trajectories for mobile chargers. Two of the protocols perform limited, distributed network knowledge coordination and charging, while two others perform centralized global network knowledge coordination and charging. As detailed simulations demonstrate, one of the distributed protocols outperforms a known state-of-the artmethod [93a] , while its performance gets quite close to the performance of the powerful centralized global knowledge method. The collaborative charging feature is enhanced in [94] by forming a hierarchical structure. Two types of chargers are distinguished: hierarchically lower mobile chargers, which charge sensor nodes, and hierarchically higher special chargers, which charge the mobile chargers. Four new collaborative charging protocols are designed and implemented to achieve efficient charging and improve important network properties. The protocols are either centralized or distributed and assume different levels of network knowledge. Extensive simulation findings demonstrate significant performance gains with respect to noncollaborative state-of-the-art charging methods. In particular, the protocols improve several network properties and metrics, such as network lifetime, routing robustness, coverage, and connectivity. A useful feature of these methods is that they can be suitably added on top of noncollaborative protocols to further enhance their performance.
In [95] , another approach is followed to study the problem of efficiently charging a set of rechargeable nodes using a set of wireless energy chargers, imposing safety constraints on the electromagnetic radiation incurred. A new charging model is defined that differs greatly from existing models in that it takes into account real technology restrictions on the chargers and system nodes, mainly regarding energy limitations. The model also introduces nonlinear constraints (in the time domain) that radically change the nature of the computational problems considered. In this charging model, the low-radiation efficient charging (LREC) problem is presented and studied; here, the amount of "useful" energy transferred from chargers to nodes (under constraints on the maximum level of imposed radiation) is optimized. Several fundamental properties of this problem are presented, and indications of its difficulty are shown. Finally, an iterative local improvement heuristic for LREC is proposed, which runs in polynomial time and the performance of which is evaluated via simulation. The algorithm decouples the computation of the objective function from the computation of the maximum radiation and also does not depend on the exact formula used for the computation of the electromagnetic radiation in each point of the network, thus achieving good tradeoffs between charging efficiency and radiation control. In addition, the algorithm exhibits good energy balance properties. Extensive simulation results supporting the claims and theoretical results are provided [95] .
In [96] , wireless power transmitters that charge the battery of the network nodes in mobile ad hoc networks are employed, and two new alternative protocols that configure the activity of the chargers are proposed. One protocol performs wireless charging focused on charging efficiency, while the other aims at a proper balance of the transmitter's residual energy. Toward a more realistic validation, an evaluation is performed not in a simulation environment but through an experimental setting of real devices. Figure 30 shows the layout of the experimental setting in which four wireless power transmitters and three wireless sensor motes were used.
Solution of WPT for Spatially Distributed Nodes of WSNs
WSNs based on the ZigBee protocol, for example, are low-power, low-throughput networks commonly used for distributed low-range sensing and control. In some cases, spatially distributed ZigBee nodes cannot be powered up using batteries or cables. In these cases, an RF-based WPT system can be considered a potential solution. Because demand on power for each WSN node can vary over time, the charging system must constantly monitor the state of each node and send an adequate amount of energy to allow constant operation. Examples of other WPT schemes for WSNs can be found in [96] and [97] .
This work presents a concept and physical realization of a 2.45-GHz WPT system for charging WSN nodes that are spatially distributed. The system utilizes a 4 × 1 patch-array transmitter with a switched radiation beam to ensure large spatial coverage. The beamswitching is realized using a 4 × 4 Butler matrix, the inputs of which are connected to an SP4T four-way high-isolation RF switch. After connecting the switch to the high-power signal generator (here, a WSN node generating a single-tone, 2.45-GHz signal along with a 1-W amplifier for each Butler matrix input to increase the power level), a directional transmitter was obtained. On the receiving side, the RF power was collected using a highly directional planar Yagi-Uda antenna. The antenna was connected to a rectifier including a five-stage voltage multiplier and a matching circuit for a high dc output level. The output of the rectifier was connected to the 0.47-F super-capacitor gathering energy for powering one WSN node. In total, four receivers were used in the proposed system, each placed in the maximum gain direction of each transmitter radiation pattern. The schematic drawing of the system is shown in Figure 31 .
During the operation of a WSN node, measurements of certain physical quantities can be completed (by a WSN in the receiver site in Figure 31 ) and sent to the data sink. Apart from that, each WSN node can measure and send the voltage level of the supercapacitor to which it is connected. The voltage levels can be collected periodically from each WSN node to the data sink located at the transmitter. Based on WSN node responses, the transmitter radiation pattern can be autonomously switched in time to cover current energy demand of each WSN node and thus allow the network to remain operational for a long time.
Using received voltage levels, the transmitter can switch radiation patterns according to the following algorithm: 1) Receive voltage levels from all nodes. 2) Calculate difference and offset from the limit voltage value for each node.
3) Calculate illumination duration for each node, i.e., the weighted sum of factors from point 2). 4) Start counter and switch radiation patterns in calculated moments.
5) Go to point 1). Figure 32 shows a WPT system for automated charging of WSN nodes. To verify performance of the WPT system, a charging experiment was performed. In the experiment, all WSN nodes both measured and sent data to the sink while being charged according to the algorithm. Voltage levels measured by all WSN nodes versus time are presented in Figure 33 .
As can be seen, the node with the lowest voltage level obtains the highest amount of energy from the transmitter. Other nodes discharge slowly, but in case of high energy loss (the sudden voltage drop shown in Figure 33 ), the system would direct the energy flow to the nodes most in need of energy.
The presented 2.45-GHz WPT system allows wireless charging of multiple WPT nodes by switching the transmitter's radiation pattern. The implemented algorithm allows full automation of the charging process and also equalization of voltage levels for all WSN nodes, independent of the node's measurement frequency and initial voltage level.
Exploitation of 3-D Textile Materials for Wireless Feeding of In-Car Sensor Networks
The 3-D textile material shown in Figure 34 consists of two firm layers at a constant distance. The distance between the layers is kept constant by fine fibers perpendicular to the firm layers. Hence, the 3-D fabric can be understood as a dielectric waveguide. This 3-D fabric can be used as upholstery in cars, buses, or airplanes, and such upholstery can play the role of a feeder or a communication channel.
The idea of exploiting a 3-D textile material for a WPT was tested in a car with a metallic roof (Figure 35) . The transmit antenna and receive antenna were attached to a 3-D textile upholstery. Using this technique, the electromagnetic energy was efficiently guided by the textile material along the car roof. The idea was verified by measurements in a real car. In Figure 36 , the transmission between antennas in free space (black) is compared with the transmission between antennas placed on the roof upholstery of an empty car (blue) and a fully occupied car (red). The efficiency of the described WPT is demonstrated in Figure 37 , which compares transmission between the transmit antenna and the receive antenna placed in free space (black), on conventional upholstery (blue), on 3-D textile (green), and in 3-D textile (red).
To minimize attenuation of the channel, the transmitted electromagnetic wave must be polarized perpendicularly to the metallic surface of the roof.
Therefore, an open-ended rectangular waveguide and a planar horn antenna integrated to the substrate were used in the experiments (Figure 38) .
For experiments in a car, the planar horn antenna integrated to the substrate showed better behavior, thanks to its narrower radiation pattern (Figure 39 ). For measurements in the laboratory, the open-ended rectangular waveguide was exploited due to a simpler calibration.
Harmonic Tags
In the field of passive UHF RFID, the nonlinear behavior of the harvesting section of the RFID chip can be exploited to develop augmented tags. Three categories of applications can be envisaged by exploiting 1) the impedance power dependency [101] , [102] , 2) harmonic generation [103] - [105] , and 3) efficient waveform design [106] - [108] .
To enable such applications, the nonlinear charac teristics of the RFID chip must be determined. Figure 40 shows the normalized power spectral density of Rx Tx Figure 35 . An experimental radio link that runs along the roof of a vehicle using a 3D textile upholstery. Rx: receive; Tx: transmit. a passive RFID chip response measured using a similar method to the one reported in [104] . The setup considers the chip activation threshold power, the reader harmonics suppression, and the chip impedance matching at the fundamental frequency as in common tags. The harmonic frequency level (i.e., at 1.736 GHz and, notably, at 2.604 GHz) at the chip activation threshold is significant compared to the fundamental frequency level. The energy contained in the third harmonic generated by the RFID chip can be exploited to set a second RF tag-toreader link at that harmonic frequency.
Harmonic Tag Design
A proper design of the tag antenna enables the transmission of the modulated third harmonic signal from tag to reader [102] . The obtained channel diversity can be exploited as a redundant communication channel, e.g., to increase the robustness of the RF uplink. Additionally, the pattern direction of the antenna can be designed to be different than the one for the fundamental signal, e.g., to develop an application for localization. It can also be used to enable some specific applications by receiving the signal at the third harmonic.
Measurement Figure 41 shows an example of a harmonic tag using a dual-band, low-frequency inverted antenna. Figure 42 shows the third order harmonic response levels of two prototypes based on the harmonic tag with a different chip in each one (chip 1 [108] and chip 2 [109] ) and one commercial tag. The results of an experimental parametric analysis are summarized in Table 2 . As can be seen in Table 1 , the read range at the third harmonic is a few meters, which is comparable to that at fundamental frequency in this design. However, the design of the antenna at the third harmonic could be quite different to enable new applications. Localization, energy harvesting, sensing, and authentication are among the possible options.
UHF RFID Library Management System
A passive UHF RFID library management system (LMS) was designed and built to serve the purpose of a university library [112] . The prototype was actually built and tested in a laboratory setting with very good evaluation results. The main objectives of the project were to 1) provide stock management, including inventory monitoring, identification of missing or lost library items, and locating books on shelves; 2) implement item security measures against possible thefts often incurred in libraries; and 3) eliminate time-consuming processes when checking items out of the library or returning items to the library.
A block diagram of the RFID-enabled LMS is shown in Figure 43 . It consists of several subsystems including smart shelves, a user self-service desk, a database server, a portal security system, and a mobile cart unit. The database server is the backbone for the entire system. It is the place where all the relevant information such as book titles, user accounts, checked-out books, and stock-taking reports are kept.
Using the self-service desk [see Figure 44 typically take place in a library environment: search for a book by title, author, publisher, or ISBN number. In addition, they are allowed to review their own activity record, self-checkout books, and return to the library previously checked-out books. A user-friendly graphical interface was developed to provide users with enhanced functionality and transparency. Through this interface, the librarian has additional privileges compared to the average user, including the ability to modify system settings, edit user accounts and book entries (e.g., add new books), take stock, and monitor the RFID entrance security system (shown in Figure 43 ). The smart shelves of the LMS, depicted in Figure 45 , are especially designed to serve the tasks of the university library. Each cabinet is equipped with an RFID reader with multiple ports connected through cables to each of its shelves. Although these shelves look like common shelves, they are, in fact, especially designed RFID antennas, such as the one illustrated in Figure 46 , through which the reader can receive the unique identification numbers (electronic product code) of the books that are placed on top of them. This enables automatic stock-taking with the push of a button, as well as locating and identifying missing and misplaced books on library shelves in record time. RF multiplexers (as shown in Figure 47) are also used at intermediate points between the reader and the shelf antennas to reduce the total number of readers required to cover the overall needs of the library. The multiplexers are software-controlled (using Arduinos), and they are already implemented in the in-house developed software application. Each RFID reader can be connected and service up to 32 antennas.
A security portal at the en trance of the library, as shown in Figure 43 , consists of a stationary RFID reader and a high-gain antenna or array of antennas. This system is connected to the network to provide access to the software application developed for this purpose. Alert information is passed to a dedicated software application that runs on the circulation desktop, which is controlled by the library administrator. The system is programmed to activate an alarm every time a nonauthorized attempt is made to remove library items (e.g., books and magazines) from the library entrance.
A mobile cart unit, shown in Figure 44 (a), enables book identification and localization on the library shelves. The mobile cart system is equipped with an RFID reader, an antenna, a laptop/tablet with touch screen, and a UPS that provides power to the reader and laptop. The system uses the Wi-Fi connection to access the database server and provide valuable information to the user. The mobile cart can be pushed around the library while scanning the books on individual shelves.
The ability of the system to effectively read and correctly identify the books residing on top of the shelf antenna depends on the electromagnetic coverage, the uniformity and strength of the field in the volume of the shelf, and the interference to nearby shelves. It was identified experimentally that tag readability requires a minimum field level of approximately 20 dBV/m [113] . The wooden cabinet that was built and tested in the laboratory was also modeled on SEMCAD-X using a FDTD algorithm [114] . Our goal was to identify problematic regions either due to reduced electromagnetic coverage or strong interference in neighboring shelves.
In Figure 48 , the areas where the electric field values are above 20 dBV/m are shown in yellow for two antenna designs: a straight line and a meander line. Figure 48 in reduced electromagnetic interference for nearby shelves. However, the meander line with a lower input power level seems to provide a better electromagnetic coverage and even lower electromagnetic interference.
In addition to electromagnetic coverage and interference at nearby shelves, the distribution of the peak spatial specific absorption rate (SAR), averaged over 10 g of tissue mass (psSAR 10g ), was assessed for a human model (phantom) [115] in close proximity to shelf antennas with and without the presence of books on the shelf. The dielectric properties of the human tissues were calculated according to the parametric model proposed by Gabriel et al. [114] . In the worstcase scenario, all shelf antennas in the cabinet were active. All values were normalized to 1 W of power radiated by each antenna.
In the case of the wooden cabinet and straight-line antennas, higher psSAR 10g values were calculated when the model was placed at the shortest distance to the shelf but in the absence of books. SAR values were in all cases reduced by a factor of ten as compared to those obtained for a metallic cabinet. Specifically, at 5-mm distance, the maximum SAR values are 0.076 W/kg for Thelonious (see Figure 49) , 0.059 W/kg for Ella, and 0.041 W/kg for Duke (all these are all human models) [114] . When the human models were placed 10 cm away from the cabinet, the corresponding SAR values were reduced to 0.022 W/kg, 0.015 W/kg, and 0.012 W/kg, for Thelonious, Ella, and Duke, respectively.
WPT for Batteryless Biomedical and Implantable Microsystems
WPT is desperately needed in wearable biomedical sensors [116] , implants [117] , individually addressable neurostimulators [118] , retinal and other prostheses [119] , and biomedical applications such as interventional magnetic resonance imaging (MRI) [120] . In each of these critical applications, there is an important size constraint on a system that makes the use of batteries impractical because this limits overall size and shortens lifetime. Certain applications such as MRI have highpower internal electromagnetic fields that prohibit the use of long metallic wires due to induced heating. Therefore, power and data transmission must be done wirelessly to the systems in these applications, and they must be miniaturized. In addition to transmitting data, these microsystems should also be able to receive data to be programmed or to awaken. Typically, long operation distance, higher bandwidth, and lower power densities are desired. However, meeting these in a small batteryless system is still a big design challenge, the realization of which would open a world of widely used wireless health monitoring systems.
WPT to batteryless microsystems can be achieved using inductive or capacitive coupling in the near field. Inductive coupling with the reception of modulated backscattered data is a frequently employed technology in implants and is also used commonly in passive RFID tags. This technology results in small sizes. However, it has the disadvantage of shorter operation distance of around 0.5-20 cm [121] . CardioMEMS has a passive-telemetry-based implanted wireless blood-pressure sensor system working over a distance of 20 cm with a size of 5 × 30 mm 2 [122] . A low megahertz region, such as 3 or 30 MHz, is found to provide a good compromise between tissue absorption and bandwidth [123] . However, research still continues to find the optimal frequency for WPT into tissue [124] .
Several other biomedical implants have been proposed using this type of telemetry. However, many require large antennas because of frequency ranges in the megahertz being used. Antenna sizes are on the order of one to tens of centimeters when the gigahertz frequency range is used [125] and become greater as frequency declines. Miniaturized, wirelessly powered passive RFID tags operating at 60 GHz are shown to work with an antenna occupying a total area of 20 mm 2 [126] but at the cost of increased path losses, design complexity, and power density [127] . A biomedical implant has been proposed using 1-GHz power for a 2 × 2 cm 2 square loop transmit antenna and a 2 × 2 mm 2 square loop receive antenna through 15 mm of layered bovine muscle tissue with a measured link gain of −33.2 dB [128] . Active microsystems can obtain better operation distance using smaller antennas or coils of around 0.5 mm; unfortunately, this means they must include batteries [129] .
Optical Power Transmission for Wireless Sensors and Microsystems
In the context of system miniaturization and wireless power and data transmission, optoelectronic systems have the potential to be smaller than the RF-powering WPT solutions. They offer higher power densities that can be delivered simply by lasers or other light sources. Laser-beam powering of RF tags with on-chip silicon photodiodes has helped miniaturize them to 500 × 500 m 2 n sizes [130] . This miniaturization has proved valuable in studying ant behavior by tagging individual ants [131] . However, in these small RF tags, communication is established by RF signals using small onchip antennas, which limits the working distance to around 5 mm.
A 1.5 mm 3 energy-autonomous wireless intraocular pressure monitoring system has been implemented using an integrated 0.07-mm 2 solar cell that can harvest a maximum power of 80 nW under a light irradiance of 100 mW/cm 2 (air mass 1.5 sun condition) to recharge a 1-mm 2 thin-film battery to power the system. It also includes a 4.7-nJ/bit frequency-shift keying (FSK) radio that achieves 10 cm of transmission range, which is also used to receive wake-up signals [132] . Another version of this microsystem is also implemented by employing an integrated optical receiver, instead of the RF receiver, to load program and request data, maintaining optical powering and RF data transmission. The system generates 456 nW under 10 kilolux light to enable energy-autonomous operation [133] . Another solution has been demonstrated for this problem with a microsystem aligned to the tip of an optical fiber, where an on-chip photovoltaic cell is used for optical powering and a separate laser diode for communication [134] , [135] .
Despite being very attractive solutions for WPT, on-chip photovoltaic cells made of silicon can supply open-circuit voltage of around 0.6 V, which is not enough for ICs and sensors. Series connection of multiple photodiodes in silicon-on-insulator (SOI) wafers has been demonstrated as a solution [136] ; however, SOI technology is more expensive and less available compared to standard complementary-metal-oxidesemiconductor (CMOS) processes. An external lightemitting diode (LED) used as a photovoltaic cell can be more beneficial.
A LED can supply higher open-circuit voltage (1.3 V for near infrared, 1.6 V for red, 1.7 V for green, etc.) than silicon photodiodes. Circuitry can be run directly from this higher voltage without the need for voltage elevation, which consumes valuable power. Because the microsystem needs an external optoelectronic element to transmit data optically (silicon, being an indirect semiconductor, cannot generate photons of any sufficient quantity), the LED can also work as a data transceiver. Placing the photodiode outside the IC die saves expensive on-chip area. With the photovoltaic cell placed out of the die, the die can be covered in optically opaque material because the powering light can induce latch-up and noise and increase leakage currents. Photon absorption is more efficient in direct bandgap materials of LEDs [e.g., aluminium gallium arsenide (AlGaAs)] in contrast to indirect bandgap materials (e.g., silicon) [137] . Record-level efficiency improvements in GaAs solar cells have been achieved in this way, stressing commonalities between efficient photovoltaic cell and LED designs [138] . An LED is also an efficient photovoltaic cell for a limited range of its wavelengths, which are about 20-30-nm shorter than the peak emission wavelength.
With the added benefits of LEDs, an improvement in a wireless and batteryless optoelectronic microsystem has been made by using it for both wireless powering and data transmission, as depicted in Figure 50 wireless and batteryless microsystem [139] .
For transcutaneous implants, optical powering can be accomplished using light with wavelengths between 600 and 900 nm (called the nearinfrared win dow), where hemoglobin absorbs weakly and penetration of light can reach a maximum depth of around 5 cm [140] . Experimental results show that the laser power level of 1 W/cm 2 drops to 1 mW/cm 2 (30-dB power loss) through 3.4-cm-thick bovine tissue when a 808-nm wavelength is used [141] .
Design of Batteryless CMOS Sensors for RF-Powered WSNs
The WSN is a group of spatially dispersed sensors (nodes) to collect physical or environmental information and cooperatively pass that information through the network to a central location. A WSN has several applications, e.g., building monitoring and automation, health-care monitoring, air pollution monitoring, forest-fire detection, and water-quality monitoring. Normally, each network node comprises a radio transceiver, a microcontroller, sensors, and an energy source, usually a battery. The lifetime of most sensors is mainly limited by the autonomy of their batteries. There are several solutions for extending the life of batteries, among which we can include the harvesting of electromagnetic energy available in the environment. As semiconductor technologies evolve over time, not only the size of MOS transistors decreases toward nanometric scales; the circuits' power consumption is also considerably reduced. This trend favors the integration of several complex functions in a system-on-chip. It is thus possible to integrate complete ultralow-power autonomous sensors for RF-powered WSNs.
UMONS Microelectronics Laboratory is engaged in designing a wireless RF-powered temperature sensor. The architecture of the temperature sensor is depicted in Figure 51 . RF energy is harvested with an receive antenna that is adapted to a rectifier/multiplier through an inductor/capacitor (LC) matching network to maximize energy transfer. The rectifier output charges an external capacitor that supplies the rest of the circuits on the chip. A power-management unit checks and regulates the minimum voltage level required across the external capacitor. It also controls the sensor working cycle by properly enabling/disabling each block in view of minimal power consumption. The temperature is measured with an ultralow-power temperature sensor that delivers a digital word to a modulator, which yields the transmission frame. The modulator output controls a voltage-controlled oscillator (VCO) through a digital-to-analog converter (DAC) to generate the four-FSK signal, which is transmitted by a transmit antenna. A 100-kHz master-clock generator provides the time reference for all digital circuits of the sensor. For a 15.6-ms long transmission frame at 50 kb/s, the bit error rate results in 10 −4 . The system can operate at 0.5 V, while consuming 84 µW in on mode and 28.6 nW in idle mode. The achieved input sensitivity is −26 dBm.
The use of low-threshold voltage transistors available in the 65-nm CMOS technology allows a system capable of operating at ultralow voltage. This fact, together with the adopted design methodology [142] , permitted significant reduction in power consumption and increase in rectifier sensitivity compared to prior works [143] .
